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Abstract 

The  effect  of  Al  addition  on  glass  forming  ability  and  glass  stability  of  Ca-Mg-Zn,  Ca-Mg-Cu, 
and  Ca-Mg-Zn-Cu  alloys  was  studied.  The  glassy  alloys  were  produced  by  a  copper  mold  casting 
method  as  wedge-shaped  samples  with  thicknesses  varying  from  0.5  mm  to  10  mm.  Thermal 
properties,  such  as  the  glass  transition,  crystallization  and  melting  temperatures,  as  well  as  heats 
of  crystallization  and  melting,  were  determined  for  the  produced  glasses.  Partial  substitution  of 
Zn  and/or  Cu  with  Al  was  found  to  generally  reduce  the  glass  forming  ability;  however,  it 
improves  the  glass  stability. 


1.  Introduction 

Low  density  bulk  metallic  glasses  (BMGs)  in  Ca-Mg-Zn,  Ca-Mg-Cu  and  Ca-Mg-Zn-Cu  systems 
have  recently  been  developed  [1-10].  These  metallic  glasses  represent  a  new  group  (7th  group  by 
Takeuchi  and  Inoue  [11])  of  BMGs.  They  are  based  on  two  simple  metals  (Ca  and  Mg),  while  all 
other  BMGs  rely  on  transition  metals.  The  Ca-  based  glasses  have  low  density  (-2000  kg/m3) 
and  their  Young’s  modulus  values  (-20-35  GPa)  are  comparable  to  the  modulus  of  human  bones 
[12].  Many  of  these  BMGs  have  very  good  glass  forming  ability  (GFA)  and  fully  amorphous 
plates  and  rods  with  thickness  or  diameter  larger  than  10  mm  can  be  easily  produced  by  casting 
[8-10]  Although  Ca-Mg-Zn-Cu  glasses  have  a  wide  temperature  range  of  super-cooled  liquid 
(. ATX  =  Tx-  Tg  -30-70  °C),  they  have  low  glass  transition  temperature  (77  -  100-150°C)  and 
crystallization  temperature  (Tx  -  130-180°C),  i.e.  low  glass  stability  (GS)  against  crystallization 
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at  near  ambient  temperatures.  The  ternary  Ca-Mg-Zn  and  Ca-Mg-Cu  glassy  alloys  also  have 
marginal  oxidation  and  corrosion  resistance  [13-15].  Quaternary  Ca-Mg-Zn-Cu  BMGs  have 
better  oxidation  and  corrosion  resistance,  which  improves  even  further  with  addition  of  A1  [15]. 
Partial  substitution  of  Cu  and/or  Zn  with  A1  also  reduces  the  density  of  these  alloys.  Estimations 
show  that  every  1  at.%  A1  added  in  place  of  Zn  will  reduce  the  density  in  Ca-Mg-Zn  alloys  by  ~ 
1%.  Unfortunately,  there  is  no  data  available  on  the  effect  of  A1  addition  on  GFA  and  GS  of  Ca- 
Mg-Zn-Cu  metallic  glasses. 

In  the  present  work  we  produced  several  new  Ca-Mg-Al-Zn,  Ca-Mg-Al-Cu  and  Ca-Mg-Al-Zn- 
Cu  bulk  metallic  glasses  by  partial  substitution  of  Zn  and/or  Cu  with  A1  in  the  baseline  Ca-Mg- 
Zn,  Ca-Mg-Cu  and  Ca-Mg-Zn-Cu  amorphous  alloys.  Thermal  properties  of  these  new  metallic 
glasses,  such  as  the  glass  transition,  crystallization  and  melting  temperatures,  as  well  as  heats  of 
crystallization  and  melting,  were  determined  and  the  effect  of  A1  on  GFA  and  GS  of  these  alloys 
was  identified. 


2.  Experimental  Procedures 

The  alloys  were  prepared  by  induction  melting  mixtures  of  pure  elements  (in  atomic  percent, 
99.99%  for  A1  and  Cu,  99.9%  for  Mg  and  Zn,  and  99.5%  for  Ca)  in  a  water-cooled  copper 
crucible  in  an  argon  atmosphere.  Each  of  the  produced  alloys  was  then  induction  re-melted  in  a 
quartz  crucible  with  a  17.0  mm  inner  diameter  and  a  -2  mm  diameter  hole  in  the  bottom  of  the 
crucible  and  cast  through  this  hole  into  a  water-cooled  copper  wedge-shaped  mold  to  produce 
samples  with  thickness  varying  from  0.5  mm  at  the  tip  to  10  mm  at  the  top.  The  amorphous  or 
crystalline  structure  of  the  cast  alloys  was  identified  by  X-ray  diffraction  of  powdered  samples 
using  a  Rigaku  Rotaflex  diffractometer,  Cu  K„  radiation,  and  by  a  differential  scanning 
calorimeter  (DSC)  Q1000,  by  TA  Instruments,  Inc.  The  glass  transition,  Tg,  and  crystallization, 
Tx,  temperatures,  the  temperatures  of  start,  Tm,  and  completion,  7),  of  melting,  and  heats  of 
crystallization,  AHX,  of  the  cast  alloys  were  determined  using  DSC  scans  at  a  heating  rate  of  40 
K/min.  The  maximum  thickness,  tmax,  at  which  an  alloy  remained  fully  amorphous  after  water- 
cooled  copper  mold  casting,  was  detennined  using  X-ray  diffraction  and  DSC  patterns  of 
samples  extracted  from  several  different-thickness  regions  of  the  wedge  specimens.  tmax  was 
determined  as  the  thickness  above  which  the  integral  heat  of  crystallization,  AHX  begins  to 
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decrease  from  its  maximum  value  with  increasing  sample  thickness,  and  where  sharp  peaks  from 
crystalline  phases  appear  on  the  X-ray  diffraction  patterns.  This  method  was  validated  and 
described  in  detail  elsewhere  [8].  The  weight  of  samples  used  for  DSC  was  in  the  range  of  6  to 
15  mg. 


3.  Results  and  Discussion 

3.1.  Ca-Mg-Al-Zn  Metallic  Glasses 

The  compositions  of  Ca-Mg-Al-Zn  bulk  metallic  glasses  produced  in  this  work  are  shown  in 
Table  1.  Four  Ca-Mg-Zn  base  alloys  with  different  GFAs  were  used  to  study  the  effect  of  A1 
addition.  These  are  Ca55Mgi8Zn27  (alloy  #1,  tmax=0.5  mm),  Ca55Mg2oZn25  (alloy  #4,  tmax=2.0 
mm),  Ca6oMg2oZn2o  (alloy  #8,  /max=4.0  mm),  and  Ca6oMgi5Zn25  (alloy  #10,  tm ax=6.0  mm). 
Substitution  of  Zn  by  20at.%  A1  in  alloy  #1  increased  tmax  to  1.0  mm  (alloy  #2);  while 
substitution  of  the  same  amount  of  Zn  with  5%  Ca  and  15%  A1  increased  tmax  to  2.5  mm  (alloy 
#3).  When  A1  was  added  to  alloy  #4  (Ca55Mg2oZn25),  tmax  increased  to  3.5  mm  at  10%  A1  (alloy 
#5)  and  then  decreased  to  1.5  mm  when  the  amount  of  A1  further  increased  to  19%  (alloys  #  6 
and  7).  Addition  of  10%A1  to  the  Ca6oMg20Zn2o  alloy  increased  tmax  from  4.0  mm  to  6.0  mm;  but 
the  same  addition  of  A1  to  the  alloy  Ca6oMgi5Zn25  decreased  tmax  from  6.0  mm  to  4.0  mm  (see 
alloys  No.  8  to  1 1  in  Table  1).  One  may  conclude  from  these  results  that  the  GFA  (i.e.  /max)  in  the 
Ca-Mg-Zn  alloys  increases,  approaches  a  maximum  value  and  then  decreases  with  an  increasing 
substitution  of  Zn  by  Al. 

Table  1  also  shows  that  both  Tg  and  Tx  increase  with  partial  substitution  of  Zn  by  Al.  For 
example,  in  the  Ca55Mg2oAlxZn25.x  series  of  alloys,  Tg  increases  from  1 10°C  to  175°C  and  Tx 
increases  from  155°C  to  21 1°C  with  an  increase  in  Al  from  X  =  0%  to  19%.  Figure  1  illustrates 
the  effect  of  partial  substitution  of  Zn  by  Al  on  crystallization  and  melting  reactions  in  Ca-Mg- 
Al-Zn  metallic  glasses  during  continuous  heating  from  an  amorphous  state.  Not  only  Tg  and  Tx 
increase,  but  Tm  and  T )  also  increase,  the  supercooled  liquid,  A Tx,  and  melting,  A Tm,  ranges 
become  wider,  heats  of  crystallization,  A Hx,  and  melting,  AHm,  increase,  and  crystallization 
occurs  in  a  wider  temperature  range  when  the  Al  is  added.  A Tx  increases  from  30-48°C  for  alloys 
without  Al  to  36-7 1°C  for  the  alloys  with  Al;  however,  no  clear  correlation  between  A Tx  or  tmax 
was  found  for  these  alloys.  A  considerable  increase  in  A Tm,  from  41-83°C  for  the  alloys  without 


3 


A1  to  80-197°C  for  the  alloys  with  Al,  indicates  that  the  Al-containing  alloys  are  far  from 
eutectic  compositions.  A  considerable  increase  in  both  Tg  and  Tx  and  broadening  of  the 
temperature  interval  for  crystallization  with  the  Al  addition  indicate  that  Al  stabilizes  the  glassy 
state  and  slows  crystallization  in  the  Ca-Mg-Al-Zn  system.  The  latter  statement  is  also  supported 
by  the  fact  that  the  GFA  may  increase  in  spite  of  broadening  of  the  melting  (solidification)  range 
with  Al  addition  (see  Table  1). 

Typical  X-ray  diffraction  patterns  of  a  Ca-Mg-Al-Zn  alloys  versus  the  alloy  thickness  are  shown 
in  Figure  2.  The  patterns  for  CaeoMgisAlioZnis  illustrate  transition  from  a  fully  amorphous  to  a 
partially  crystalline  state  with  an  increase  in  alloy  thickness  from  4  mm  to  10  mm.  The  critical 
cast  thickness,  tmax,  below  which  this  alloy  remains  fully  amorphous  is  4  mm  and  when  the 
thickness  increases  above  /max,  the  alloy  becomes  partially  crystalline.  However,  the  presence  of 
the  crystal  phases  does  not  trigger  further  rapid  crystallization,  and  even  at  the  maximum 
produced  thickness  of  10  nun  the  alloy  contains  only  -20%  of  the  amorphous  phase.  Such 
behavior  of  the  Ca-Mg-Al-Zn  alloys  is  quite  different  from  the  behavior  of  other  Ca-based 
metallic  glasses,  which  become  fully  crystalline  in  a  much  narrower  thickness  range  after 
exceeding  /max  [4,8],  Evidently,  aluminum  stabilizes  the  glassy  state  in  Ca-Mg-Al-Zn  alloys  and 
leads  to  formation  of  a  composite  structure  consisting  of  the  amorphous  matrix  and  fine 
crystalline  phases. 

Figure  3  shows  the  density  of  Ca55Mg2oAlxZn25-x  metallic  glasses  as  a  function  of  the  Al 
concentration.  The  density  decreases  linearly  with  an  increase  in  the  amount  of  Al  from  2.24 
g/cm3  for  the  alloy  without  Al  to  1.85  g/cm3  for  the  alloy  with  19%  Al.  The  alloy 
Ca6oMgi8Ali5Zn7  has  the  lowest  density  of  1.84  g/cm  .  Table  1  shows  that  there  is  no  clear  effect 
of  Al  addition  on  the  reduced  glass  transition  temperature  ( Trg  =Tg/Ti) and  there  is  no  correlation 
between  /max  and  Trg  for  these  alloys. 

3.2.  Ca-Mg-Al-Cu  Metallic  Glasses 

The  compositions  of  Ca-Mg-Al-Cu  bulk  metallic  glasses  produced  in  this  work  are  shown  in 
Table  2.  Four  Ca-Mg-Cu  base  alloys  with  different  GFAs  were  used  to  study  the  effect  of  Al 
addition.  These  are  Ca50Mg2oCu3o  (alloy  #12,  tmax=8.0  mm),  Ca50Mg22.5Cu27.5  (alloy  #14, 
tmax=10.0  mm),  Ca60Mg2oCu2o  (alloy  #16,  /max=4.0  mm),  and  Ca6oMgi5Cu25  (alloy  #19,  tmax=  I  -0 
mm).  In  this  alloy  system,  partial  replacement  of  Cu  by  Al  led  to  a  considerable  decrease  in 
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GFA,  with  one  exception.  For  example,  addition  of  10  at.%  A1  to  Ca5oMg2oCu3o  decreased  the 
critical  thickness  from  8  mm  to  1  mm  and  addition  of  only  5  at.%  A1  to  Ca5oMg22.5Cu27.5  reduced 
tmax  from  10  mm  to  3.5  mm.  However,  substitution  of  Cu  by  A1  in  alloy  #19,  which  is  a  marginal 
glass  former,  led  to  an  increase  in  GFA  (compare  alloys  No.  19  and  20). 

Figure  4  illustrates  the  effect  of  partial  substitution  of  Cu  by  A1  on  crystallization  and  melting 
reactions  in  the  Ca-Mg-Al-Cu  metallic  glasses  during  continuous  heating  from  an  amorphous 
state.  Partial  substitution  of  Cu  by  A1  increases  Tg  and  Tx;  however,  the  effect  is  not  as  strong  as 
in  the  Ca-Mg-Zn  alloys  (compare  Tables  1  and  2).  The  maximum  values  of  Tg  (143°C)  and  Tx 
(183°C)  are  observed  in  alloy  Ca5oMg22.5Al5Cu22.5,  which  has  a  tmax  =  3.5  mm.  This  can  be 
compared  to  Tg  =  158°C  and  Tx  =  212°C  for  the  alloy  Ca6oMgi8Ali5Zn7.  Partial  replacement  of 
Cu  by  A1  also  increases  A Tm  and  decreases  Trg.  No  systematic  effect  of  A1  addition  was  found  on 
A Hx,  A Hm  and  A Tx  in  the  Ca-Mg-Al-Cu  system.  The  density  of  these  amorphous  alloys  decreases 
with  an  increase  in  the  Ca,  Mg  and  A1  contents  and  a  decrease  in  Cu.  Ca50Mg2oCu3o  has  the 
highest  density  of  2.46  g/cm  and  Ca6oMg2oAlioCuio  has  the  lowest  density  of  1.90  g/cm  in  this 
family  of  alloys. 

3.3.  Ca-Mg-Al-Zn-Cu  Metallic  Glasses 

The  composition  of  quintemary  metallic  glasses  produced  in  this  work  is  given  in  Table  3  and 
typical  DSC  patterns  are  shown  in  Figure  5.  Two  very  good  glass  forming  alloys, 
Ca55Mgi8ZniiCui6  and  Ca55Mgi8Zni6Cuii  which  have  a  maximum  amorphous  thickness  tmax  >10 
mm  [10]  were  used  as  starting  points;  and  from  5  to  15  %  Al,  as  well  as  up  to  5%  Ca,  were  added 
to  these  alloys  to  reduce  the  density  by  partially  replacing  Cu  and  Zn.  Ca55Mgi8ZnnCui6  and 
Ca55Mgi8Zni6Cuii  have  Tg  of  102°C  and  1 12°C  and  Tx  of  166°C  and  164°C,  respectively,  and 
densities  of  2.32  and  2.3 1  g/cm  .  Substitution  of  every  1  at%  of  Cu  and/or  Zn  with  Al  and  Ca 
decreases  the  density  of  these  alloys  by  ~1%  and  1.5%,  respectively.  For  example,  the  densities 
of  Ca55Mgi8Ali5Zn6Cu6  and  Ca6oMgi8Ali5Zn3Cu4  alloys  are  1.99  g/cm  and  1.84  g/cm  , 
respectively  (see  Table  3).  However,  GFA  reduces  with  Al  addition.  For  example,  partial 
replacement  of  Cu  with  5  at%  Al  in  Ca55Mgi8ZnnCui6  decreases  the  tmax  from  >10mm  to  9  mm. 
A  further  increase  in  Al  to  10  and  15  at%  decreases  tmax  to  3  mm  and  2.5  mm,  respectively,  in 
Ca55Mgi8AlioZniiCu6  and  Ca55Mgi8Ali5Zn6Cu6  alloys.  At  the  same  time,  substitution  of  5  at% 

Al  with  Ca  in  the  alloy  #27  leads  to  a  Ca6oMgi8AlioZn6Cu6  alloy  with  doubled  the  glass  forming 
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ability  (tmax  =  5  mm)  and  lower  density  of  1.94  g/cm  (see  Table  3).  X-ray  diffraction  patterns  of 
this  alloy  at  different  thicknesses  are  shown  in  Figure  6.  Only  a  diffuse  amorphous  halo  is 
present  at  t  up  to  5mm;  however,  a  number  of  peaks  from  crystalline  phases  are  present  on  the  X- 
ray  diffraction  pattern  from  a  7 -mm  thick  region.  Although  it  reduces  the  glass  forming  ability, 
addition  of  A1  considerably  improves  the  glass  stability  by  increasing  Tg  and  Tx  (see  Table  3  and 
Figure  5).  For  example,  in  the  alloy  Ca55Mgi8Ali5Zn6Cu6  Tg  and  Tx  are  about  36°C  and  1 1°C 
higher  than  in  Ca55Mgi8ZniiCui6.  The  temperature  range  of  super-cooled  liquid  has  a  tendency 
to  slightly  decrease  with  an  increase  in  A1  and  it  is  in  the  range  of  A Tx  =  41-56°C. 

Addition  of  A1  changes  the  crystallization  and  melting  patterns  of  the  CassMgisZnnCuie  glassy 
alloy  (see  Figure  5).  Crystallization  of  the  amorphous  alloy  without  A1  starts  at  ~  1 66°C  and 
produces  a  sharp  exothennic  peak  with  a  maximum  at  ~171°C,  which  is  followed  by  a  smaller 
exothermic  peak  at  ~2 1 0°C.  Melting  of  this  alloy  occurs  in  a  rather  narrow  temperature  range  by 
a  single  endothennic  reaction,  indicating  that  the  alloy  may  have  a  near  eutectic  composition. 
When  5%  Cu  is  replaced  by  A1  (CassMgisAhZnnCun),  both  crystallization  peaks  become  wider 
and  their  maxima  occur  at  higher  temperatures,  184°C  and  235°C,  respectively.  Such  behavior 
indicates  that  A1  reduces  the  crystallization  kinetics.  Melting  also  occurs  at  higher  temperatures 
and  is  accompanied  by  multiple  endothennic  reactions  within  a  much  broader  melting  range  (by 
about  a  factor  of  2). 

The  first  crystallization  reaction  is  suppressed  to  a  larger  extent  with  further  addition  of  A1  up  to 
10  and  15  at%  in  place  of  Cu  and  Zn  (Ca55Mgi8AlioZniiCu6  and  Ca55Mgi8Ali5Zn6Cu6),  while  the 
intensity  of  the  second  crystallization  reaction  almost  does  not  change  (see  Figure  5).  In  addition, 
a  third  crystallization  reaction  occurs  in  these  two  alloys  just  prior  to  melting,  and  the  Tm 
increases  with  an  increase  in  A1  content.  The  first  melting  reaction  in  the  alloys  with  10  and  15% 
A1  starts  rather  slowly;  the  reaction  rate  gradually  increases  to  a  maximum  value  and  then 
abruptly  decreases  to  almost  zero.  After  that,  a  weak  and  shallow  melting  reaction  is  observed  in 
a  wide  temperature  range,  probably  due  to  gradual  melting  of  a  primary  phase. 

Crystallization  becomes  even  more  complex  in  the  Ca6oMgi8Ali5Zn3Cu4  glass,  and  at  least  5 
crystallization  exothermic  peaks  are  recognized  on  a  DSC  pattern  of  this  alloy.  The  melting 
range  in  the  quintenary  glasses  is  very  wide,  between  1 12°C  for  Ca6oMgi8Ali5Zn3Cu4  and  221°C 
for  Ca55Mgi8Ali5Zn6Cu6.  This  provides  an  opportunity  to  design  even  better  glass  forming  alloys 
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in  this  system  by  modifying  the  composition  and  reducing  the  temperature  interval  for  melting 
(solidification). 

It  is  well  established  for  many  glass  forming  systems,  including  Ca-Mg-Zn  [8,16]  and  Ca-Mg-Cu 
[16],  that  the  best  glass  forming  alloys  have  a  near-eutectic  composition  and  slow  crystallization 
kinetics  [11,18].  The  fact  that  the  majority  of  the  developed  Ca-Mg-Al-Zn,  Ca-Mg-Al-Cu  and 
Ca-Mg-Al-Zn-Cu  glassy  alloys  have  a  very  wide  melting  range  indicate  that  their  compositions 
are  far  from  the  eutectic  composition,  and  even  better  glass  forming  ability  and  larger  maximum 
amorphous  thicknesses  are  expected  in  optimized  alloy  compositions  with  a  considerably 
reduced  melting  range. 


3.4.  Effect  of  A1  on  Structure  of  the  Ca-Mg-Zn-Cu  Glasses 

A  recently  developed  efficient  cluster  packing  (ECP)  model  [19,20]  was  used  to  analyze  likely 
structural  changes  of  Ca-Mg-Zn-Cu  metallic  glasses  by  additions  of  Al.  In  this  model,  a 
structural  scaffold  is  comprised  of  interpenetrating  solute-centered  clusters  formed  with  the 
largest  solute,  a,  and  in  which  solvent  atoms  (f2)  dominate  the  1st  coordination  shell.  The  a 
clusters  are  organized  at  positions  that  approximate  those  of  an  fee  structure  over  a  limited  length 
scale  of  several  cluster  diameters,  beyond  which  recognizable  order  of  the  cluster  positions  is 
probably  lost.  This  structure  has  two  additional  progressively  smaller  sites;  /?  sites  occur  at  the 
center  of  an  octahedron  of  a  -centered  clusters,  and  y  sites  are  at  the  center  of  a  tetrahedron  of  a 
clusters.  There  are  1  ft  and  2  y  sites  for  every  a  site.  It  is  assumed  that  a  sites  are  filled  by  a 
solutes,  but  (}  and  y  sites  can  be  progressively  filled  by  any  solute.  A  small  number  of  solutes 
may  also  occupy  Q  sites.  A  nomenclature  describes  the  structure  by  the  local  coordination 
numbers  of  a ,  fi  and  y  solutes,  <N,/,N/i,NZ,  as  detennined  from  the  relative  solute  sizes.  The 
chemical  descriptions  for  metallic  glasses  used  here  give  the  solvent  species  first,  followed  by 
solutes  in  order  of  decreasing  size.  Solutes  with  nearly  equivalent  sizes  are  listed  in  parentheses 
to  indicate  that  they  are  topologically  identical  and  are  likely  to  occupy  the  same  structural  sites. 
Alloy  compositions  are  listed  in  atomic  percent  following  each  atomic  species  in  the  alloy. 
Additional  details  of  the  ECP  model  and  justification  for  these  basic  assumptions  are  given 
elsewhere,  along  with  an  assessed  table  of  atomic  radii  for  metallic  glass  structures  [20]. 
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The  putative  number  of  Ca  atoms  that  can  efficiently  pack  around  a  Mg  atom  is  ~10,  and  around 
a  Zn  atom  is  ~9,  so  that  Ca-Mg-Zn  ternary  glasses  have  <10,9>  structures.  The  a  sites  are  filled 
by  Mg  and  the  ft  and  /  sites  are  filled  by  combinations  of  Mg  and  Zn.  Since  the  radius  ratios  of 
A1  and  Zn  relative  to  the  radius  of  Ca  are  within  about  2%  of  each  other  (0.726  and  0.701, 
respectively),  substitution  of  Zn  by  A1  should  not  change  the  glass  structure,  and  Ca-Mg-Al-Zn 
glasses  retain  a  <10,9>  topological  structure.  The  a  sites  are  filled  by  Mg  and  the  /?  and  /sites 
are  filled  by  combinations  of  Mg,  A1  and  Zn.  Although  the  topological  structure  remains 
unchanged,  GFA  and  GS  both  improve  when  Zn  is  partially  substituted  by  Al,  which  evidently 
indicate  that  the  amorphous  structure  becomes  more  stable.  The  addition  of  small  amounts  of  Al, 
which  atoms  are  slightly  larger  than  those  of  Zn,  may  provide  more  flexibility  for  denser  atomic 
packing,  reducing  internal  stresses,  and,  therefore,  reducing  the  free  energy.  Alternatively,  the  Al 
additions  may  provide  a  favorable  chemical  contribution  to  stability  of  these  glasses. 

Ca-Mg-Cu  alloys  are  topological  ternary  glasses  with  a  <10,8>  structural  designation,  indicating 
that  only  8  Ca  atoms  can  efficiently  pack  around  a  Cu  atom.  Partial  substitution  of  Cu  with  Al 
transfonns  these  glasses  into  topologically  quaternary  glasses  <10,9,8>.  A  composition  of 
Ca6iMgi3Ali3Cui3  is  estimated  when  the  a  and  ft  sites  are  filled  by  Mg  and  Al,  respectively,  and 
the  /sites  are  half-filled  with  Cu.  The  three  solute-lean  glasses  studied  here  in  this  family  of 
alloys  (Table  2)  fit  this  model  closely,  with  some  small  fraction  of  the  solutes  occupying  solute 
sites  other  than  the  preferred  or  ‘native’  sites.  When  all  of  the  /sites  are  filled  by  Cu,  the  ECP 
model  gives  a  composition  of  Ca54Mgii.5Alii.5Cu23.  The  two  solute -rich  glasses  in  this  family  are 
close  to  this  composition,  again  with  some  substitutions  amongst  the  solute  sites  and  a  small 
number  of  Q  sites  occupied  by  solutes  in  excess  of  those  that  can  be  accommodated  on  a ,  fi  and 
/sites.  Ca  and  Cu  have  strong  covalent  bonding  [10]  and  large  negative  heats  of  mixing  [11], 
which  probably  contribute  to  the  very  good  GFA  of  ternary  Ca-Mg-Cu  alloys.  Partial  substitution 
of  Cu  by  Al  weakens  the  average  bond  strength,  and,  therefore,  reduces  GFA.  A  slight 
improvement  of  the  glass  stability  of  these  alloys  against  crystallization  with  the  Al  addition  can 
be  explained  by  more  complex  structure  of  the  quaternary  alloys,  which  restricts  atomic 
rearrangements. 

Ca-Mg-(Al,Zn)-Cu  are  <10,9,8>  topological  quaternary  glasses,  where  Mg  occupies  a  positions, 
Al  and  Zn  occupy  /? positions  and  Cu  occupies  /positions  as  preferred  sites.  In  the  three 
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compositions  where  the  Ca  concentration  is  55%  (Table  3),  the  a,  ft  and  / sites  are  filled  by 
solutes.  A  fraction  of  the  ft  or  /sites  are  not  occupied  by  solutes  in  glasses  where  the  Ca 
concentration  is  60%.  In  accord  with  the  above  discussion,  partial  substitution  of  Zn  by  A1  may 
improve  both  GFA  and  GS,  while  partial  substitution  of  Cu  by  A1  in  this  alloy  system  should 
reduce  GFA  and  may  slightly  improve  GS.  Although  a  large  number  of  different  alloys  are  not 
presently  available  to  support  these  statements,  there  is  however  evidence  that  A1  indeed 
improves  glass  stability  in  this  system;  while  GFA  reduces  not  as  dramatically  as  in  the  Ca-Mg- 
Cu  system  (for  example,  compare  alloys  14,  15,  and  21,  23). 


5.  Conclusions 

The  effect  of  A1  additions  on  the  glass  forming  ability  (GFA,  given  as  the  maximum  fully 
amorphous  thickness,  tmax)  and  stability  against  crystallization  (measured  by  the  glass  transition, 
Tg,  and  crystallization,  Tx,  temperatures)  of  Ca-Mg-Zn,  Ca-Mg-Cu  and  Ca-Mg-Zn-Cu  alloys  was 
studied.  Ca-Mg-Zn,  Ca-Mg-Cu  and  Ca-Mg-Zn-Cu  have  very  good  GFA;  however,  the  stability 
of  these  glasses  is  low  (low  Tg  and  Tft.  The  addition  of  A1  improves  glass  stability  in  these  alloys 
by  increasing  Tg  and  Tx  and  slowing  the  crystallization  kinetics.  However,  the  temperature  range 
of  melting  (A Tm  =  7)  -  Tm)  increases  considerably,  which  indicates  that  the  A1  additions  move  the 
alloys  far  from  the  eutectic  compositions.  In  the  Cu-containing  alloys  this  increase  in  A Tm 
generally  results  in  a  decrease  in  tmax.  However,  in  the  Ca-Mg-Zn  and  some  Ca-Mg-Cu  based 
alloys  tmax  increases  with  A1  addition,  regardless  of  an  increase  in  A Tm.  It  is  therefore  expected 
that  even  better  glass  formers  can  be  found  in  these  alloy  systems  by  modifying  the  compositions 
and  reducing  the  A Tm  range.  Each  1  at.%  A1  substituting  Cu  and/or  Zn  reduces  the  alloy  density 
by  about  1%  and  several  bulk  metallic  glasses  produced  in  this  work  have  densities  below  1.9 
g/cm3. 

The  compositions  of  these  alloys  provide  efficiently  packed  cluster  structures.  Application  of  the 
efficient  cluster  packing  model  suggests  that  these  glasses  are  formed  by  efficiently-packed  Mg- 
centered  clusters  where  A1  and  Zn  are  preferred  at  cluster-octahedral  ft  sites,  and  Cu  is  native  to 
cluster-tetrahedral  /sites.  A  significant  amount  of  interchangeability  between  Al,  Zn  and  Cu 
solutes  seems  to  be  supported  in  this  family  of  glasses.  Ca-Mg-(Al,Zn)  are  represented  as  <10,9> 
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topological  ternary  glasses,  while  Ca-Mg-Al-Cu  and  Ca-Mg-(Al,Zn)-Cu  are  <10,9,8> 
topological  quaternary  glasses. 
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TABLES 


Table  1.  Compositions  (in  at%)  of  Ca-Mg-Al-Zn  amorphous  alloys  and  their  critical  thickness, 
fmax,  glass  transition,  Tg,  and  crystallization,  Tx,  temperatures,  the  temperatures  of  start,  Tm,  and 
completion,  7),  of  melting,  heats  of  crystallization,  AHX,  and  melting,  AHm,  the  temperature 
intervals  of  melting,  A Tm=Ti-Tm,  and  supercooled  liquid,  A Tm=Tx-Tg,  reduced  glass  transition 
temperature  Trg  =  77/7/  and  the  alloy  density. 


No. 

Composition 

(at.%) 

hncix 

(mm) 

T 

g 

(°C) 

Tx 

(°C) 

(°C) 

Tl 

(°C) 

^x 

(J/g) 

AHfn 

(J/g) 

(°C) 

ATx 

(°C) 

V7* 

(K/K) 

P  3 

(g/cm3) 

1 

Ca55MgigZn27 

0.5 

116 

146 

350 

398 

70 

115 

48 

30 

0.580 

2.29 

2 

CassMg  1 8  AhoZn? 

1.0 

174 

218 

352 

549 

76 

189 

197 

44 

0.544 

1.88 

3 

Ca6oMg  1 8  A1 1  sZn? 

2.5 

158 

212 

348 

475 

110 

203 

127 

54 

0.576 

1.84 

4 

Ca55Mg2oZn25 

2.0 

110 

155 

346 

429 

82 

170 

83 

45 

0.546 

2.24 

5 

Ca55Mg2oAl  i  oZni  5 

3.5 

130 

196 

358 

500 

86 

179 

142 

66 

0.521 

2.03 

6 

Ca55Mg2oAli5Znio 

2.0 

148 

204 

354 

533 

91 

262 

179 

56 

0.522 

1.93 

7 

Ca55Mg2oAl  1 9Zn6 

1.5 

175 

211 

358 

472 

92 

223 

114 

36 

0.601 

1.85 

8 

Ca6oMg2oZn2o 

4.0 

105 

142 

336 

387 

90 

153 

51 

37 

0.573 

2.08 

9 

Ca6oMg2oAlioZnio 

6.0 

130 

176 

354 

473 

95 

181 

119 

46 

0.540 

1.89 

10 

Ca6oMgi5Zn25 

6.0 

106 

154 

336 

377 

92 

143 

41 

48 

0.583 

2.21 

11 

CaeoMgisAlioZnis 

4.0 

130 

201 

350 

430 

99 

124 

80 

71 

0.573 

2.01 

12 


Table  2.  Compositions  (in  at%)  of  Ca-Mg-Al-Cu  amorphous  alloys  and  their  glass  transition,  Tg, 
and  crystallization,  Tx,  temperatures,  the  temperatures  of  start,  Tm,  and  completion,  7),  of  melting, 
the  temperature  range  of  melting,  A Tm=T/-Tm,  the  supercooled  liquid  range  A Tm=Tx-Tg,  heats  of 
crystallization,  AHX,  and  melting,  AHm,  the  maximum  thickness,  tmax,  reduced  glass  transition 
temperature,  Trg=Tg/Ti,  and  density,  p. 


No. 

Composition 

(at.%) 

hnax 

(mm) 

T 

g 

(°C) 

Tx 

(°C) 

^ m 

(°C) 

Tl 

(°C) 

*Hx 

(J/g) 

AHm 

(J/g) 

(°C) 

ATx 

(°C) 

V 

(K/K) 

P 

(g/cm3) 

12 

Ca5oMg2oCu3o 

8.0 

128 

169 

354 

417 

139 

378 

63 

41 

0.581 

2.46 

13 

Ca5oMg2oAlioCu2o 

1.0 

138 

168 

384 

458 

96 

227 

74 

30 

0.562 

2.22 

14 

Ca5oMg22.5CU27.5 

10 

127 

169 

354 

390 

150 

208 

36 

42 

0.603 

2.39 

15 

Ca5oMg22.5Al5CU22.5 

3.5 

143 

183 

354 

489 

100 

188 

135 

40 

0.546 

2.27 

16 

Ca6oMg2oCu2o 

4.0 

114 

139 

356 

405 

105 

181 

49 

25 

0.571 

2.11 

17 

Ca6oMg9Ali  1CU20 

2.0 

128 

177 

383 

482 

117 

185 

99 

49 

0.530 

2.17 

18 

Ca6oMg2oAl  ioCui  o 

2.0 

135 

169 

390 

544 

96 

210 

154 

34 

0.499 

1.90 

19 

Ca60Mg15Cu25 

1.0 

123 

155 

354 

414 

99 

205 

60 

32 

0.576 

2.25 

20 

Ca6oMg  1 5  A1  ioCui  5 

2.0 

124 

157 

384 

416 

103 

165 

32 

33 

0.490 

2.03 

13 


Table  3.  Compositions  (in  at%)  of  Ca-Mg-Al-Zn-Cu  amorphous  alloys  and  their  critical 
thickness,  tmax,  glass  transition,  Tg,  and  crystallization,  Tx,  temperatures,  the  temperatures  of  start, 
Tm,  and  completion,  7),  of  melting,  heats  of  crystallization,  AHX,  and  melting,  AHm,  the 
temperature  intervals  of  melting,  ATm=T/-Tm,  and  supercooled  liquid,  A Tm=Tx-Tg,  reduced  glass 
transition  temperature  Trg  =  Tg/Ti  and  the  alloy  density. 


No. 

Composition 

(at.%) 

lmax 

(mm) 

T 

g 

(°C) 

Tx 

(°C) 

(°C) 

Tl 

(°C) 

^x 

(J/g) 

AHfn 

(J/g) 

(°C) 

(°C) 

(K/K) 

P  3 

(g/cm  ) 

21 

CassMgisZniiCuie 

>10 

102 

166 

330 

363 

95 

162 

33 

66 

0.586 

2.32 

22 

Ca55Mgi8Zni6Cuii 

>10 

112 

164 

331 

352 

110 

172 

21 

53 

0.614 

2.31 

23 

CassMg  i  8Ah;ZniiCui  i 

9 

119 

175 

331 

513 

114 

192 

182 

56 

0.499 

2.22 

24 

CassMgisAlioZni  iCu6 

3 

128 

171 

341 

562 

101 

228 

221 

43 

0.480 

2.09 

25 

CassMg  1 8  A1 1 5Zn6Cu6 

2.5 

136 

177 

360 

581 

95 

293 

221 

41 

0.479 

1.99 

26 

Ca55Mgi5AlioZni5Cu5 

6 

105 

148 

334 

558 

94 

211 

224 

43 

0.455 

2.17 

27 

Ca6oMg  1 8  A1  ioZn6Cu6 

5 

134 

176 

357 

530 

128 

211 

173 

42 

0.507 

1.94 

28 

Ca6oMg  1 8  A1 1 5Zn3Cu4 

2 

144 

195 

370 

503 

123 

193 

123 

51 

0.552 

1.84 

14 


FIGURES 


Temperature  (°C) 


Figure  1 .  Effect  of  partial  substitution  of  Zn  by  A1  on  glass  transition,  crystallization  and  melting 
reactions  in  Ca6oMg2oZn2o  and  Ca6oMg2oAlioZnio  metallic  glasses  during  continuous  heating  with 
the  heating  rate  of  40°C/min.  Endothermic  reactions  are  directed  up.  Characteristic  temperatures 
are  indicated  by  arrows,  and  the  alloy  compositions  and  their  critical  amorphous  thicknesses  are 
shown  near  the  corresponding  curves. 
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Figure  2.  X-ray  diffraction  patterns  of  cast  Ca6oMgi5AlioZni5  samples  of  different  thicknesses 
(shown  near  the  corresponding  curves). 
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Figure  3.  Density  of  Ca55Mg2oAlxZn25-x  metallic  glasses  versus  the  concentration  of  A1  (X). 
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Figure  4.  Effect  of  partial  substitution  of  Cu  by  A1  on  glass  transition,  crystallization  and  melting 
reactions  in  Ca50Mg22.5Cu27.5  and  Ca5oMg22.5Al5Cu22.5  metallic  glasses  during  continuous  heating 
with  the  heating  rate  of  40°C/min.  Endothermic  reactions  are  directed  up.  Characteristic 
temperatures  are  indicated  by  arrows,  and  the  alloy  compositions  and  their  critical  amorphous 
thicknesses  are  shown  near  the  corresponding  curves. 
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Figure  5.  DSC  heating  curves  of  Ca55Mgi8Alx+YZnxCuY  metallic  glasses  showing  the  effect  of 
A1  additions  on  glass  transition,  crystallization  and  melting  reactions. 


Figure  6.  X-ray  diffraction  patterns  of  cast  Ca6oMgi8AlioZn6Cu6  samples  of  different  thicknesses 
(shown  near  the  corresponding  curves). 
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